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DECLARATION OF Alexander P. Moravsky 

I, Alexander P. Moravsky, hereby declare: 

1. I reside at 7887 E. Uhl Street, Apt. #1004, Tucson, Arizona, USA. 85710 

2. I am currently employed as Senior Scientist at MER Corporation, Tucson, Arizona, 
and have been so employed since 1999. My employment history since 1995 is set forth in 
the attached Resume of Alexander P. Moravsky, incorporated herein and made a part hereof 

3. I am currently involved in fuUerene and related materials synthesis and property 
studies and have been so involved since 1991 and have extensive experience in this field with 
many achievements and publications, as set forth in my attached Resume. 
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4. I have earned Ph.D, M.Sc. and B.Sc. degrees in the fields, of Chemistry, Physics and 
Molecular and Chemical Physics, all as set forth in my attached Resume. 

5. I have 8 patents, 240 scientific publications and 4 reviews as set forth in my attached 
Resume. 

6. My areas of scientific and technical expertise are extensive and are outlined in further 
detail in my attached Resume. 

7. I have read the publication entitled "Spectroscopy of Matrix-Isolated Carbon Cluster 
Molecules between 200 and 850 nm Wavelength" published in Surface Science, v. 156, 
pp. 814-821 (1985) by W.Kratschmer, N.Sorg and D.Huffrnan, and I am fially conversant with 
the technology described in this paper, which relates to an area within my technical and 
scientific expertise and experience. 

8. I have evaluated the methods and apparatus described in this paper to determine the 
possibility of fullerene molecules formation in the operation of this apparatus under 
conditions employed in the methods described in that paper. 

9. The paper describes experiments on vaporizing graphite in an electric arc operating in 
10-^ Ton- vacuum maintained in the chamber by a turbomolecular pump. Carbon vapor 
produced in the interelectrode space is then flowing through the high-vacuum chamber to a 
cryo-cooled surface where it is co-deposited with argon molecules, thus forming a layer of 
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solid argon with embedded carbon products. The carbon products in soHd argon matrix have 
been studied by UV-vis spectrophotometry. The spectral features observed are attributed by 
the authors to small carbon clusters C4 -Cg stabilized in cold argon matrix against further 
extensive coalescence. This attribution is well grounded; the perfect resolution of vibronic 
structure of spectral features unequivocally evidences for small clusters of this size, as large 
clusters or fullerenes are incapable of revealing such fine resolution. No indication to the 
presence of fullerenes in the products can be found in the spectra, even in trace amounts. It 
can be thus concluded that fullerenes are not formed in the system, neither during any carbon 
vapor transformations on its way to the cold support, nor during thermal annealing of small 
carbon clusters in argon matrix that was performed in the work under consideration. 

10. This eariy work described in this 1985 paper preceded the discovery of the carbon arc 
process for fullerene production, announced in 1990 in the journal NATURE [W.Kratschmer, 
L.D.Lamb, K.Fostiropolous, D.R.Huffinan, Nature, vol.347, 354 (1990)]. The decisive 
reason for the success reported in 1990 was implementation of inert gas atmosphere instead 
of vacuum environment. Indeed, in multiple articles following the discovery, different 
research teams upon the studies of helium pressure dependence of fullerene yield reported 
that fullerenes have not been found in the products of carbon arc process performed in 
vacuum. 

11. Further studies of the mechanism of fullerene formation in the carbon arc revealed 
why fullerenes are not formed in vacuum. Carbon arc originally generates small carbon 
clusters, predominantly C2 and C3. Further evolution of carbon vapor involves conversion of 
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small clusters into large clusters Cn, comprising linear carbon chains, then carbon cycles and 
eventually stable fullerenes. In the competing route the carbon soot is formed from carbon 
clusters. This competition is sti-ongly dependent upon the presence of inert -buffer gas 
(helium), which ensures the cooUng of "hot" intermediate carbon products formed through 
condensation of smaller carbon particles, which is necessary for fUUerene molecule 
formation. Without this cooling the intermediate carbon products dissociate back into smaller 
carbon clusters hence formation of fiiUerene molecules becomes impossible. 

12. This conclusion is confirmed quantitatively by the detailed kinetic mechanism of 
fullerene synthesis in the arc reactor, which has been shown capable of predicting the yield of 
fullerenes in the arc process under various conditions [A.V.Krestinin, A.P.Moravsky, 
Chem.Phys.Lett., 286, 479-484 (1998)]. The quantitative model shows that with helium 
pressure decrease down to zero, the characteristic time of carbon vapor cooling grows to very 
large values and accordingly, the yield of fullerenes drops down to zero. 

13. Optimal conditions for high fullerene yields in the carbon . arc produced soot have 
been multiply studied by dozens of research groups around the world. A quantitative model 
examining processes of, and conditions for, producing fullerenes was the subject of work in 
which I was involved at the Russian Academy of Sciences, referenced in [A.V.Krestinin, 
A.P.Moravsky, Chem.Phys.Lett., 286, 479-484 (1998)], a copy of which is attached as 
Exhibit A. In this respect it is noteworthy that the best found conditions for fullerene 
synthesis in the arc, that are employed in many industrial and academic production units, are 
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very close to conditions for fullerene production first disclosed in the aforementioned Nature 
article by W.Kratschmer, D.R.Huffinan et al. (100 Torr helium, etc). 

14. From the above, it is concluded that no fiillerenes are formed in the carbon arc in 
vacuum, as is extensively proven experimentally and quite clearly conceived theoretically. 

I further declare that all statements made herein of my own knowledge are true, and 
all statements made on information and belief are believed to be true. I acknowledge that 
willful false statements and the like are punishable by fine or imprisonment or both (18 
U.S.C. §1001) and may jeopardize the validity of the application or any patent issuing 



thereon. 




Date 




Signed in Tucson, Arizona 
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RESUME 
ALEXANDER P. MORAVSKY 

Birthdate: November 27, 1949 

Birthplace: Kamenka, Rybnitskii Region, Moldova 

Citizenship: Russia 

Marital Status: Married, 1 child aged 17 

home address: 7887 E.UHL St, apt.#1004, Tucson, AZ 85710, 

home phone (520)721-1304 
office address: MER Corporation., 7960 South Kolb Road, Tucson, AZ 85706; 
e-mail: mQravskv@.niercorp.com: phone (520)574-1980 ext.52; fax (520)574-1983. 

EDUCATION 

Ph.D. . Chemistry, Moscow Institute of Physics and Technology (MIPT), 1975 
M.Sc; Physicsof Fast Processes, MIPT, 1972 
B.Sc. Molecular and Chemical Physics, MIPT, 1 970 

EMPLOYMENT mSTORY 

1999-Present MER Corporation, Tucson, AZ, Senior Scientist 

1980-1 999 Senior research fellov^^, head of the research group "Kinetics and 

Mechanismi of FuUerene Reactions", Institute of Problems of Chemical 
Physics, Chernogolovka, Russia 
1979-1980 Postdoc in Prof J.K.Stille group, Colorado State University, Fort 

Collins, CO 

1975-1 979 Research fellow. Institute of Problems of Chemical Physics, 
Chernogolovka, Russia 

RECORD OF TECHNICAL ACHIEVEMENTS 

• 8 Patents 

• 240 scientifie pubhcations 

• 4 Reviews 

AREAS OF TECHNICAL EXPERTISE 

• R&D on advanced new materials, basic chemical technology, organic synthesis 

• Catalysts, small molecule catalytic conversions of industrial interest 

• Redox processes and fast reactions in solution and films 

• Purification of substances, analytical chemistry 

• Chemical kinetics and mechanisms for liquid, gas and solid state reactions 

• Spectral analysis, NMR and ESR, XPS, GC, GC/MS, LC, HPLC, SEM, TEM 

• Fullerene and nanocarbon materials science and technology 
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PRESENT INTERESTS AND OCCUPATION 

Dr. Moravsky is involved in flillerene and related materials synthesis and 
property studies since 1991 and has notable achievements in this field, namely: a) 
development of an advanced kinetic mechanism of fullerene formation in the arc and 
its use to essentially scale up the process of fiillerene production, b) high-yield 
synthesis of multi-walled carbon nanotubes (MWNTs) in the arc and refining the 
mechanism of this process, c) elaboration of an advanced catalytic system for single- 
wall carbon nanotubes production, d) discovery of an arc system for efficient synthesis 
of double-walled carbon nanotubes, e) selective synthesis of edge-abundant carbon 
narlofibers and scaling up the VGCF production process, f) development of new 
systems for RF plasma assisted vapor growth of oriented carbon nanofibres, g) 
synthesis of large arrays of aligned multi-walled carbon nanotubes, h) preparation of 
bulk quantities of 100% pure multi-walled carbon nanotubes, i) discovery and 
development of the arc synthesis of carbyne materials, j) discovery and studies of the 
mechanism of the thermobaric process of fullerene polymerization in solids and of 
electropolymerization in solutions, k) discovery and mechanism studies of fullerene 
catalytic properties in high-temperature hydrocarbon transformations, 1) development 
of new catalytic systems for flillerenes hydrogenation, m) discovery of persistent 
electric currents in aggregated MWNTs. He participates in multiple research projects 
on fulierene-related science both as a principal investigator and as an executive 
researcher. His extensive experience in fullerene, MW and SW carbon nanotubes 
science and technology is reflected in 150 papers and 4 Patents. 
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List of publications in fuUerene science and technology. 1993-2001. 



1. "The Loss-Function of Solid Ceo", Synthetic Metals, v.56, No 2-3, 2961-2966 
(1993). V.I.Rubtsov, Yu.M.Shulga, A.S.Lobach, and A.P.Moravsky. 

"Photophysical Properties of Ceo- Picosecond Study of Intersystem Crossing", 
J.Photochem.Photobiol. A: Chem., v.70, No2, 153-156 (1993). V.A.Nadtochenko, 
LV.Vasil'ev, N.N.Denisov, I.V.Rubtsov, A.S.Lobach, A.P.Moravskii, and 
A.F.Shestakov. 

"Photophysical properties of C70. Picosecond Laser Photolysis". Zh. Fiz.Khimii, N9, 
1880-1883 (1993). I.V.Vasiliev, N.N.Denisov, I.V.Rubtsov, A.S.Lobach, 
V.A.Nadtochenko, and A.P.Moravskii. 

"Photochemical Properties of Ceo. Triplet Excited Ceo Quenching by Electron 
Acceptors TCNQ and TCNE in Solution. Laser Photolysis Study", Chem.Phys.Letters, 
V.208, No5-6, 431-435 (1993), V.A.Nadtochenko, N.N.Denisov, LV.Rubtsov, 
A.S.Lobach, and A.P.Moravskii. 

"Triplet Excited Ceo Quenching by TCNE in Benzonitrile Solution. Formation of the 
Ion-Radical Pair [Cfio+.-TCNE]", Russian Chemical Bulletin, v.42, N7, 1171-1173 
(1993). V.A.Nadtochenko, N.N.Denisov, I.V.Rubtsov, A.S.Lobach, and 
A.P.Moravskii. 

"Photophysical Properties of Fullerenes. Picosecond and Nanosecond Transient 
Absorption Spectra of Ceo and C70. New Bands in the Near IR." Fullerenes. The First 
Int. Interdisciplinary Colloquium on the Sci. and Tech. of Fullerenes, 1993, Santa 
Barbara, USA, Abstract, p.l 16. Nadtochenko V.A. et al. 

"Photochemical Properties of Ceo- Photooxidation of Ceo by TCNE and TCNQ in, 
Solutions. Laser Photolysis Study". Fullerenes. The First Int. Interdisciplinary 
Colloquium on the Sci. and Tech. of Fullerenes, 1993, Santa Barbara, USA, Abstract, 
p. 1 92- 1 94. Nadtochenko V. A. et al . 

"Photophysical and Photochemical Properties of Ceo. Picosecond and Nanosecond 
Laser Photolysis Study", International Workshop on Fullerenes and Atomic Clusters", 
1 993, St.Peterburg, Russia, p.29. Nadtochenko V.A. et al. 

"On the Reaction of Buckminsterfullerene with Tetrabuthylammonium 
Tetrahydroborate", Russian Chemical Bulletin, N3, 803(1993). V.D.Makhaev, 
Yu.M.Shulga, A.S.Lobach, V.N.Vasilets, O.S.Roshchupkina, and A.P.Moravsky. 

10. "Reaction of Organic Cation Tetrahydroboronates with Fullerene Ceo", Int. 
Conference "Physics and Chemistry of Fullerenes", Greece, 1993, Abstracts, p.34. 
V.D.Makhaev, A.S.Lobach, Yu.M Shulga. O.S.Roschupkina, and A.P.Moravsky. 
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"Interaction of Methane with Acetylene in the Presence of Ziegler-Natta Type 
Catalysts", Neftekhimiya, v.32, N4, 324-330 (1992). E.M.Efimova, A.P.Moravskii, 
and N.F.Noskova. 

"Characteristic Loss Spectrum, Accompanying the Cu Photoelectron Peak of 
Fullerene Cfio", JETP Letters, v.55, No.2, 132-135 (1992), Yu.M.Shulga, 
A.P.Moravsky, A.S.Lobach, and V.I.Rubtsov. 

"Study of the Single-Fold Electron Energy Losses Spectra of Individual Fullerenes Ceo 
and C70 and of "Graphite-like materials", Doklady Akad.Nauk., v.325, N4, 779-781 
(1992). Yu.M.Shulga, A.P.Moravsky, A.S.Lobach, and V.I.Rubtsov. 

" First-Order Phase Transition with a Large Change in Volume in the Fullerene Cgo 
Under Pressure", JETP Lett, v.59, N4, 279-282 (1994). I.O. Bashkin, 
V.I.Rashchupkin, N.P.Kobelev, A.P.Moravskii, Ya.M.Soifer, and E.G.Ponyatovskii. 

"Reactions of Hydrocarbons with Electrophylic Transition Metal Complexes in 
Trifluoroacetic Acid Media", Uspekhi Khimii, v.63, N2, 130-144 (1994). 
N.F.GoIdshleger, and A.P.Moravskii. 

"Orientational Rotation of Ceo Molecules in Different Solutions", JETP Letters, v.60, 
No5, 320-325 (1994). I.V.Rubtsov, D.V.Khudyakov, V.A.Nadtochenko, A.S.Lobach, 
and A.P.Moravskii. 

"Quenching of Triplet-Excited Fullerene Ceo by TCQM in Solutions", Zh.Fiz.Khimii, 
V.68, N2, 228-231 (1994). V.A.Nadtochenko, N.N.Denisov, A.S.Lobach, and 
A.P.Moravskii. 

"Interaction of Fullerene Ceo with 3-AmLno-l-Propanor', Russian Chemical Bulletin, 
N6, 1143 (1996). N.F.GoIdshleger, A.S.Lobach, A.S.Astakhova, M.G.Kaplunov, 
A.V.KuIikov, A.P.Moravskii, O.S.Roshchupkina, and Yu.M.Shulga. 

"Synthesis of Organic Ferromagnetics by Pyrolysis of Conducting Polymers", 
hit. Conf. Synthetic Metals, Korea, 488 (1994), B.Z:Lubentsov, A.P.Moravsky,. 
T.M.Moravskaya, and G.I.Zvereva. 

20. "A New Phase Transition in the T-P Diagram of Ceo FuUerite", J.Phys.: Condens. 
Matter, v.6, 7491-7498 (1994), I.O.Bashkin, V.I.Rashchupkin, A.F.Gurov, 
A.P.Moravsky, O.G.Rybchenko, N.P.Kobelev, Ya.M.Soifer, and E.G.Ponyatovsky. 

"Acoustic Properties of Fullerene Compacts", Molecular Materials, v.4, 139-141 
(1994), I.O.Bashkin, N.P.Kobelev, Ya.M.Soifer, and A.P.Moravsky. 

"Dissipative Properties of FuUerene-Ceo", Int. Workshop Fullerenes and Atomic 
Clusters, 54 (1994), I.O.Bashkin, N.P.Kobelev, A.P.Moravsky, and Ya.M.Soifer. 
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"Photophysical and Photochemical Properties of Cgo and €70. Intersystem Crossing in 
Solutions. Photooxidation of Ti-excited Ceo by Electron Acceptors in Solutions", 
Molecular Materials, v.4, Nol-3, 95-103 (1994), V.A. Nadtochenko, N.N. Denisov, 
I.y.Vasilev, I.V.Rubtsov, A.S.Lobach, and A.P.Moravsky. 

"The Picosecond and Nanosecond Laser Photolysis Techniques Study of 
Photophysical and Photochemical Properties of Fullerenes", Int. Workshop Fullerenes 
and Atomic Clusters, 54 (1994), VA.Nadtochenko, LV.VasUiev, I.V.Rubtsov, 
A.S.Lobach, and A.P.Moravsky. 

"Rotational Reorientation Dynamics of Ceo in Various Solvents. Picosecond 
Transient Grating Experiments", In "Fullerenes. Recent Advances in the Chemistry 
and Physics of Fullerenes and Related Materials", eds. K.M.Kadish, R.S.Ruoff. The 
Electrochemical Society, Pennington, New Jersey, 1994, p. 161 9 -1627, I.V.Rubtsov, 
D.V.Khudiakov, V.A.Nadtochenko, A.S.Lobach, and A.P.Moravsky. 

"External Heavy Atom Effect on the Intersystem Crossing of Fullerenes. Picosecond 
Laser Photolysis Study". In " Fullerenes. Recent Advances in the Chemistry and 
Physics of Fullerenes and Related Materials", eds. K.M.Kadish, R.S.Ruoff. The 
Electrochemical Society, Pennington, New Jersey, 1994, p.l 658- 1669, 
V.A.Nadtochenko, I.V.Vasilev, N.N.Denisov, I.V.Rubtsov, A.S.Lobach, and 
A.P.Moravsky. 

"Rotational Reorientation Dynamics of Ceo in Various Solvents. Picosecond Transient 
Grating Experiments", Chem.Phys.Lett., v.229, Nos 4 and 5, 517 (1994), I.V.Rubtsov, 
D.V.Khudiakov, V.A.Nadtochenko, A.S.Lobach, and A.P.Moravsky. 

. "Reduction of FuUerene Ceo with S-Amino-l-Propanol", Molecular Materials, v.4, 
Nl-3, 185-186 (1994), N.F.Goldshleger, A.S.Lobach, M.G.Kaplunov, A.V.Kuhkov, 
A.P.Moravsky, O.S.Roshchupkina, and Yu.M.ShuIga. 

"Investigation of Fullerenes Ceo, C70 Reduction in Neat Primary Amines", MRS Fall 
Meeting, Abstracts, Boston, USA, G5.42 (1994). A.S.Lobach, N.F.Goldshleger, 
M.G.Kaplunov, A.V.Kulikov, and A.P.Moravsky. 

30. "Interaction of Fullerene Ceo with 3-Amino-l-Propanor', IW Fullerenes and 
Atomic Clusters, 73 (1994), N.F.Goldshleger, A.S.Lobach, M.G. Kaplunov, 
A.P.Moravsky,O.S.Roshchupkina, Yu.M.ShuIga, and A.V.Kulikov. 

"Elastic and Dissipative Properties of Fullerite", Sohd State Physics, v.36, N9, 2732- 
2737 (1994). N.P.Kobelev, A.P.Moravsky, Ya.M.Soifer, I.O.Bashkin,. and 
O.G.Rybchenko. 

"Internal Friction and Sound Wave Velocities in Pure Ceo Fullerite", Physica Status 
Solidi, B - Basic Research, 190:1, 157-162 (1995) N.P.Kobelev, Ya.M.Soifer, 
I.O.Bashkin, A.F.Gurov, A.P.Moravsky, and O.G.Rybchenko. 
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"Method of Determination of Fe-Protein Concentration in the Solution and its 
Application in the Study of the Kinetics of Nitrogenase Reaction". Biokhimiya, v.60, 
1512-1520. S.Yu.Druzhinin, L.A.Syrtsova, A.V.Khramov, A.P.Moravskii, and 
N.r.Shkondina. 

"Fullerene Ceo Orientational Dynamics Study in Different Solvents by Picosecond 
Non-Stationary Grating Technique". Khimicheskaya Fizika, v.l4, N14,96-104 (1995). 
I.V.Rubtsov, D.V.Khudyakov, V.A.Nadtochenko, A.S,Lobach, and A.P.Moravskii. 

"UV-vis Photometric Analysis of Fullerenes Cso and C^o in Toluene and Hexane 
Solutions", in: Fullerenes. Recent Advances in the Chemistry and Physics of 
Fullerenes and Related Materials, v.2, Ed. K.M.Kadish and R.S.Ruoff, 1995, pp. 156- 
169. A.P.Moravsky, P.V.Fursikov, L.M.Kachapina, A.V.Khramov, and 
N.V.Kiryakov. 

"A Nearly Qrthorhombic Phase of Ceo- Properties and the Stability Region in the T-P 
Diagram", in: Fullerenes. Recent Advances in the Chemistry and Physics of 
Fullerenes and Related Materials, v.2, Ed. K.M.Kadish and R.S.Ruoff, 1995, pp.952- 
963. A.P.Moravsky, G.E.Abrosimova, I.O.Bashkin, R.A.Dilanian, A.F.Gurov, 
N.P.Kobelev, V.I.Rashchupkin, O.G.Rybchenko, Ya.M.Soifer, V.Sh.Shekhtman, and 
E.G.Ponyatovsky. 

"A Study of Rotational Mobility of Ceo Molecules in Different Solutions by the 
Induced Grating Technique", Chem.Phys.Reports, 1995, v.l4, N 4, 490-502. 
I.V.Rubtsov, D.V.Khudyakov, V.A.Nadtochenko, A.S.Lobach, and A.P.Moravskii. 

"Vibrational Spectroscopic Study of a New Polymeric Ceo Phase", Materials Research 
Society 1995 Fall Meeting, Abstracts, 1995, FF10.4, p. 170, A.M.Rao, P.C.Eklund, 
I.O.Baslikin, E.G.Ponyatovsky, and A.P.Moravsky. 

"Photoluminescence Studies of a New Polymeric Cgo Phase", Materials Research 
Society 1995 Fall Meeting, Abstracts, 1995, FF12.2, p.l71, U.D.Venkateswaran, 
A.M.Rao, P.C.Eklund, I.O.Bashkin, E.G.Ponyatovsky, and A.P.Moravsky. 

40. "Method for Assay of Fe-Protein Concentration and its Application in the Study of 
Nitrogenase Reaction Kinetics", Biochemistry, v.60, N9, pp.1 153-1 158 (1995), 
S.Yu.Druzhinin, L.A.Syrtsova, A.V.Khramov, A.P.Moravsky, and N.A.Shkondina. 

"Photostimulation of Nitrogenase Reaction in Vitro for Investigation of Nitrogenase 
Mechanism Action", in: "Nitrogen Fixation: Fundamentals and Applications". 
Proceedings of the 10-th Int. Congress on Nitrogen Fixation, St.Peterburg, eds. 
Tikhonovich I.A., Provorov N.A., Romanov V.I., Newton W.E., Kluwer Academic 
Publishers, the Netherlands, 1995, pp.97- 102, S.Yu.Druzhinin, L.A.Syrtsova, 
A.V.Khramov, and A.P.Moravsky. 
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"Internal Friction and Elastic Properties of a New Pressure-Induced Phase of Ceo 
Fullerite", Int. Workshop Fullerenes and Atomic Clusters, 1995, p.29, N.P.Kobelev, 
Ya.M.Soifer, I.O.Bashkin, A.P.Moravsky, and E.G.Ponyatovsky. 

"On the Optimal Conditions for Fullerene Production in Direct Current Arc", Int. 
Workshop Fullerenes and Atomic Clusters, Abstracts, St.Peterburg, 1995, p.39-40. 
A.P.Moravsky, P.V.Fursikov. 

"Preparation and Single Crystal Structure Determination of the Intercalate 
Ceo/TMPD", IW Fullerenes and Atomic Clusters, 1 995, p.53-54, V.A.Nadtochenko, 
A.P.Moravsky, V.V.Gritsenko, G.V.Shilov, and O.A.Dyachenko. 

"Properties of Materials Encapsulated into Carbon Nanotubes", Int. Workshop 
Fullerenes and Atomic Clusters, 1995, p.64-65, A.F.Gurov, A.S.Aronin, I.O.Bashkin, 
A.P.Moravsky, V.E.Muradyan, V.M.Teplinsky, and E.G.Ponyatovsky. 

"Picosecond Dynamics of Charge Recombination in EDA Complexes between Cio, 
C70 and ternary Amines", IW Fullerenes and Atomic Clusters, 1995, p.109-110, 
N.N.Denisov, I.V.Rubtsov, A.S.Lobach, A.P.Moravsky, arid V.A.Nadtochenko. 

"UV-VIS Molar Absorption Coefficients for Cgo and C70 in Toluene and Hexane", IW 
Fullerenes and Atomic Clusters, 1995, p.l 11-112, A.P.Moravsky, P.V.Fursikov, 
A.V.Khramov, and N.V.Kiryakov. 

"IR Spectroscopy of Cfio/TMPD and Ceo/TPA Single Crystals. Photoinduced 
Absorption in Crystals of Ceo with tertiary Amines", IW Fullerenes and Atomic 
Clusters, 1995, p.120-121, A.V.Bazhenov, T.N.Fursova, A.P.Moravsky, and 
V.A.Nadtochenko. 

"A High-Pressure Study of Phase Transformations in C^o Fullerite", IW Fullerenes 
and Atomic Clusters, 1995, p.125-126, I.O.Bashkin, A.F.Gurov, A.P.Moravsky, 
V.I.Rashchupkin, and E.G.Ponyatovsky. 

50. "Investigation of Fullerenes Cgo, C70 Reduction in Neat Primary Amines", IW 
Fullerenes and Atomic Clusters, 1995, p.155-156, A.S.Lx)bach, N.F.Goldshleger, 
M.G.Kaplunov, A.V.Kulikov, and A.P.Moravsky. 

"Statistical Processing of the Spectra of Fullerene Black Extracts: The Constancy of 
tlie Cfio/C7o Ratio". Doklady Chemistry, v.351, Nos.1-3, pp.298-300 (1996). 
A.G.Ryabenko, A.A.Ryabenko, A.P.Moravskii, and P.V.Fursikov. 

"X-Ray Diffraction Study of a High Pressure Phase of Fullerite C60". Poverkhnost, 
N7, 79-81 (1996). G.E.Abrosimova, I.O.Bashkin, R.A.Dilanian, A.P.Moravskii, 
E.G.Ponyatovskii, O.G.Rybchenko, and V.Sh.Shekhtman. 
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"Reactions of Fullerenes with Deuterium in the Presence of Palladium", Russian 
Chemical Bulletin, v.45, No.7, 1778-79 (1996). B.P.Tarasov, V.N.Fokin, 
A.P.Moravsky, and Yu.M.Shulga. 

"Spectrum of Optical Phonons and Low-Energy Electron Transitions in Single 
Crystals of Cso/tetramethyl- p-phenylenediamine and Ceo/triphenylamine", Russian 
Chemical Bulletin, v.45, No.6, 1388-1392 (1996). A.V.Bazhenov, M.Yu.Maksimyuk, 
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Abstract 

A mathematical model for the arc reactor which talces into account (a) cooling and mixing of carbon vapour with a buffer 
gas, (b) non-isothermal kinetics of carbon clusters growth and (c) formation of soot panicles and heterogeneous reactions at 
their surface has been developed. The mode! gives quantitative coincidence of experimental data with calculated values both 
for the fullerene yield and ratio C^j/Cfi,, in the products of the arc synthesis run under widely varied conditions. Numerical 
analysis of the model has shown that experimental data obtained for the arc synthesis strictly constrain the choice of the 
mechanism of fullerene formation. © 1998 Elsevier Science B.V. 



. 1. Introduction 

The mechanism of the formation of fullerenes 
from carbon vapour remains an intriguing problem 
since the discovery of the process. What special kind 
of transformations leads to the appearance of carbon 
cages under commonly used synthetic conditions? 
Experiments on resistive evaporation of two carbon 
rods with different degrees of enrichment in '"'c 
have shown that carbon vapour consists of the small- 
est clusters before the process of fullerene formation 
starts [1]. Experimental gas ion chromatography stud- 
ies of the structure of carbon clusters lead to the 
formulation of possible paths of fullerene formation 
through the coagulation of monocycles and succes- 
sive transformations of polycyclic structures into 
closed carbon shells [2-4]. Quantum calculations 
have shown [4] that concomitant liberation of vibra- 
tional energy (10-20 eV) is more than enough to 
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afford annealing of a carbon cage to its most stable 
state.' The search for new rearrangements of carbon 
cages that would transform the cage into the most 
thermodynamically stable state through the low en- 
ergy barrier route is under way [5]. All these studies 
eventually are aimed at promoting better understand- 
ing of the kinetic mechanism of carbon vapour con- 
densation and the formation of fullerene molecules. 

The correspondence of reported kinetic schemes 
to the real mechanism of fullerene formation could 
be verified through mathematical modelling of the 
experimental apparatus and concomitant comparison 
of numerical results with experimental data. With 
regard to the solution of this task, the' hitherto known 
models of the carbon vapour condensation process 
[6-8] are essentially incomplete and need to be 
extended by accurate consideration of the contribu- 
tions of all processes influencing the chemical kinet- 
ics of carbon vapour condensation under actual ex- 
perimental conditions. These are the cooling of the 
carbon vapour, liberation of heat at its condensation, 
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formation of soot particles and heterogeneous reac- 
tions at their surfaces. 

We used an advanced fullerene arc generator and 
obtained a comprehensive array of experimental data 
under strictly controlled and widely varied condi- 
tions, which is suited for the development and testing 
of a theoretical model, two features of experimental 
data are important for the chemistry of fullerene 
formation and therefore deserve special attention. 
First, the maximum fullerene yield attained consti- 
tutes a value of 20-25%, which seems at first sight 
to be unexpectedly high if one takes into account the 
ready condensation of carbon vapour on soot parti- 
cles. Second, we have recently found that the value 
of the ratio is independent of arcing condi- 

tions and numerically equal to 0.2 within a low error 
of 1.5% [9]. These experimental data allow to as- 
sume that the quaniitaiive model of the electric arc 
reactor could become a useful tool in the check, of 
theoretical hypotheses for the mechanism of 
fullerenes synthesis. In this Letter, such a model is 
presented which considers all processes and phenom- 
ena important for the formation of fullerenes, namely 
(i) the outflow of the carbon vapour from the electric 
arc interelectrode gap, its blending with helium gas 
and thus cooling, (ii) the non-isothermal kinetics of 
the reactions of carbon vapour condensation, and (iii) 
the formation of soot particles and heterogeneous 
reactions at their surface. By means of numerical 
analysis of the model, we have constructed a scheme 
of chemical reactions for the condensation of carbon 
vapour, which quantitatively describes the yield of 
fullerenes in the electric arc reactor and the ratio 
C,(,/Cj„ in the products of the synthesis. The same 
kinetic .scheme has appeared suitable for the quanti- 
tative description of the thermodecay of fullerenes 
under shock tube conditions as well. 



2. Description of the gas dynamics and the source 
of carbon vapour 

The stream of carbon vapour from the arc region 
forms a turbulent flow that can be idealised as a 
so-called fan flow — a flat flow of cylindrical 
symmetry. We constrain considerations only to ex- 
periments where the turbulent transfer in the stream 
exactly controls the dynamics of carbon vapour mix- 



ing and cooling. It means that diffusion transfer of 
helium into the arc region remains negligibly small 
eompared to the mass flow of carbon vapour from 
the gap. This condition is fulfilled when the arc gap, 
/ly, is small, enough, which is usually the case for 
small arc currents with the other parameters kept 
constant. Under such circumstances the gas leaving 
the frames of the arc region can be treated as a pure 
(not diluted by helium) carbon vapour. Thus it be- 
comes possible to calculate the velocity of the stream 
[/q and the gas temperature on the border of the 
arc: 



where is the rate of fullerene soot formation, P 
is helium pressure in the reactor and is radius of 
the electric rods. The vapour temperature Jf, in this 
case also easily stenis from the equation: 

where P,^ is equilibrium pressure of the carbon 
vapour. As a result the inter-electrode gap volume 
can be excluded from the mathematical consideration 
of both chemistry and gas dynamics. Under typical 
conditions the pressure of helium in the reactor 
constitutes 100-760 Torr and the temperature of the 
vapour To lies in die range of 3600-3900 K. 
Fullerenes are not formed in this region which is too 
hot. Other authors estimate the temperature of the 
gas in a carbon arc to be about 4000 K [10]. 

We have composed the model of the arc reactor 
as a Cauchy problem for the system of ordinary 
differential equations, which describes evolution of 
an elementary gas volume moving along the symme- 
try plane: 

at 

N dT ^ 

f = /^-'(Odr, 

where Uj.r) is the gas velocity along the plane of 
symmetry; c,, Cg, are relative concentrations of 
chemical species including soot particles inside and 
outside the turbulent jet, respectively (the size distri- 
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Fig. 1. Experimental data on the fullerencs yield represented as 
dependent on the characteristic time of turbulent cooling and 
mixing. All points corresponding to the arc currents of 55. 60, 65 
and 70 A are shown. The cominon solid line dcmonstiutes the 
universal character of the dependence. The cxperimentul points 
corresponding to the 100 A series- show that in this case the 
turbulent transfer does not control the process of mixing. 



bution of soot particles was presented in the numeri- 
cal code by sectional division as in Ref. [II]); T, 
are the temperature values inside and outside the 
turbulent jet, respectively; [M] is the total molar 
concentration of the gas; Cp , is the heat capacity of 
ith component at constant pressure; f-,, /j- are the 
chemical sources of the species and the heat; , k-y 
are the rate .constants of turbulent mass and heat 
transfer which are calculated according to the 
semiempirical theory of a free turbulent jet [12]: 



0.32 



0.64 



0.5 



2^wi^ 



The only parameter in the model which determines 
the rate of turbulent mixing and cooling as the 
expression above shows, depends on the arc process 
parameters. 

In Fig. 1 the experimental data for the experi- 
ments carried out at low arc currents are represented 
as a function of that parameter. Really, the experi- 
mental points obtained under various arc currents, 
helium pressures and interelectrode gaps are grouped 
around a universal curve, pictorially presented as a 



a 

solid line in Fig. 1. For the arc current of 100 A, the 
fullerene yield is constant with respect to variation of 
the turbulent mixing rate parameter T^j,. This infers 
that another process, i.e. diffusion transfer, controls 
mixing and cooling in this case which is characteris- 
tic of wide gaps. 



3. Description of chemical reactions 

To simplify the description of the chemical kinet- 
ics of the carbon vapour condensation process, we 
related the structure of a cluster to its size. All of the 
clusters containing less than 32 carbon atoms are 
considered to be chains, cycles and polycycles while 
clusters of more than 32 atoms are related to fullerene 
shells. The scheme of chemical reactions is shown in 
Fig. 2 and has the following features: (i) all of the 
possible coagulation reactions which yield chains, 
cycles and polycycles are taken into account; (ii) all 
of the coagulation reactions between small clusters 
which yield fullerene shells containing 32-46 C- 



Cn , n =1,... 3 I chains, cycles 
and pol>'cycles chemical kinetics 



Cl....Cn C3i 

/!\ 

C32 Ck ..... C46 



fullerene shells rormation 

from chains, cycles and polycycles 



Cn , n = 32, 34, 36,... fi'llc«:n': .shells groMh: 

_tC3(-Cl) 




-<}Ki) 



Fig. 2. Scheme of the chemical reactions for the condensation of 
carbon vapour. . 
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Soot particles (Sm = Cm with m >79) formation: 



Wales transition of the defect C^q or C70 clusters to 
the CgoF and G70F molecules, respectively. The sec- 
ond one includes the channels of fuUerene growth 
reactions that lead directly to perfect fullerene struc- 
tures (Cf^f and C7of)- The enthalpy and entropy 
values used for the carbon clusters sized below C,o 
and for individual C^up and C-,Qp clusters have been 
reported [13-16]. The corresponding values for the 
rest of the carbon species are calculated from an 
appropriate piece-linear approximation (Fig. 4). 



C78 S80 



Helerogeneous reactions for all Cp , n=l-79: 



Sm + Cn 



Sm+n 



Fig. 3. Kcaclion.s of the pcrfccl fullerene molecules C^f and C^qf 
furniation. adopted in the scheme. Schematic of .sool particles 
formation and heterogeneous reuciionii of the carbon cluster!; ai 
the sool surface. 



atoms are also taken into account; (iii) the closed- 
shell growth is considered to occur .solely by means 
of implanting fragments into a shell in the reac- 
tions with the participation of C2 or clusters; (iv) 
the soot particle formation and heterogeneous reac- 
tion.s of their growth via addition of carbon clusters 
of any size are considered in the scheme. 

The C50 and C7f, molecules (denoted as C^^p and . 
C-jQp) are formed in the scheme in two types of 
reactions (Fig. 3). The first one includes the 
monomolecular rearrangement similar to the Stone- 



s' <000- 



approximalion shells 

• reported n >60 

shells 
n < 60 
cycles, I 
polycydes 

chains 
1 



sool 
n > BO^ 



'0 so 
cluster size, n 



Fig. 4. Dependence of the enthalpy of formation of carbon clusters 
ai 3000 K with their siie. 



4. Comparison with experimental data and dis- 
cussion 

The kinetic scheme developed is sufficient to fit 
quantitatively the experimental data on the thermod- 
ecay of C^o and C-j^ fullerenes in shock tubes well. 
The coiresponding experimental results have been 
published [17]. Comparison of calculations with these 
experiments will be published elsewhere. 

Fig. 5 represents experimental and calculated data 
for the arc reactor. Quantitative coincidence has been 
reached for the fullerene yield for pressures below 
400 Torr where the turbulence controls the mixing 
process as is assumed in the model. The Ci(^f/C(,fjp 
ratio lightly drifts from 0.2 to 0.24, compared to the 
experimental value of 0.2. It should be stressed that 
it is not so simple a problem to satisfy limitations 
stated above. We examined many different kinetic 
schemes of fullerene formation before this scheme 
was developed. Here we summarise briefly the con- 
clusions of this work. 



o exp 
calc 




Pressure, Torr 

Fig. 5. The helium pressure dependence of the fullerenes yield and 
the C70/C40 tnolai ratio in the products of the arc synthesis. 
Comparison of experimental and calculated data. The experimen- 
tal value for the C-n, /C^ molar ratio is invariably equal to 0.2. 
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4.1. CI 



Noticeable formation of fullerene shells in the 
turbulent jet begins only after the temperature fallis to 
nearly 2800 K. The main reason is the poor thermo- 
dynamic stability of fullerene shells. In such a situa- 
tion the Stone-Wales reaction could provide an ex- 
planation of the high experimental fullerene yields if 
only the activation energy of this reaction were 
lower than 70-75 kcal/mol. This limit is much 
lower than the theoretical estimate of 6-7 eV for the 
Stone- Wales rearrangement [18]. This fact makes it 
necessary to account the channels of the growth of 
the shells directly to perfect fullerene structures pass- 
ing by the long-lived defect structures in the scheme. 
It is assumed that proper rearrangement occurs in the 
very act of this growth reaction. 



j 4.2. C2 



Fullerene growth through addition of the C2-cius- 
ter proves to be too slow to provide the experimental 
yield of fuUerenes. The rate constant for this reaction 
was taken from the equilibrium constant and the 
measured [17] value of the back reaction. Therefore 
we include in the kinetic scheme the exchange reac- 
tion with participation of the C , cluster: 

C5S + Cj->Cm* -> Qo+Ci 

CfiOF + Cl 
lC6o/1C60K ^ 1.4 (used in cilcubijom) 

A similar path is used for the Cygf molecule forma- 
tion. The highly exothermic addition of the C, to the 
Cjg yields an energy-rich cluster Cg,, which readily 
undergoes monomolecular rearrangements to the 
most stable structure. At this stage the extra C-atom 
connected with the proto-fullerene shell can essen- 
tially reduce the energy barrier of its reorganisation 
[5], In the end of the rearrangement this structure 
emits the C-ato.m, thus stabilising the Cff,p produced 
against back reactions. 

4.3. C3 

This scheme of fullerene shell growth has two 
important distinctions. First, all large even-numbered 



fullerene shells — say numbered greater than 50 — 
are included as intermediates in a sole route of 
sequential growth. Second, the dominating contribu- 
tion to the overall rate of the clusters growth comes 
from a single reaction, namely the exchange reaction 
of the C3 cluster accomodation to the growing shell. 
These peculiarities of the kinetic .scheme assure the 
fulfilment of the following equality: 



dC 



70 F 



/- 



dC 



60F 



= const. 



dt ' dt 

Hereof the constancy of C70P/C6OF stems automati- 
cally for any conditions of the arc synthesis. The 
calculations presented in Fig. 5 clearly confirm this 
thesis. 

4.4. C4 

Any additional route of fullerene shell growth 
causes reduction of the fullerene yield value and 
strong variations in the C7op/CftOF ratio upon change 
of the process parameters. 



5. Conclusions 

In summary, we draw the following conclu.sions. 
The kinetic mechanism of fullerene molecule build- 
up is likely to be fairly simple. This mechanism can 
be governed by only a few essential parameters. Two 
experimental finding.s discussed in this Letter impose 
tough restrictions on any hypothetical kinetic scheme 
proposed. The first is a high yield of fullerenes under 
optimal conditioas and the second is the indepen- 
dence of the C^Q/Cf^o ratio upon any of the parame- 
ters of the arc process. 
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